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SUMMARY

 

Interleukin-18 (IL-18) has been demonstrated to synergize with BCG for induction of a T-helper-type
1 (Th1) immune response. Since successful treatment of superficial bladder cancer with BCG requires
proper induction of Th1 immunity, we have developed a recombinant (r) BCG strain that functionally
secretes mouse (m) IL-18. This rBCG-mIL-18 strain significantly increased production of the major Th1
cytokine IFN-

 

g

 

 in splenocyte cultures, at levels comparable to that elicited by control BCG plus exog-
enous rIL-18. IFN-

 

g

 

 production by splenocytes was eliminated by addition of neutralizing anti-IL-18
antibody. Endogenous IL-12 played a favourable role whereas IL-10 played an adverse role in rBCG-
mIL-18-induced IFN-

 

g

 

 production. Enhanced host antimycobacterial immunity was observed in mice
infected with rBCG-mIL-18 which showed less splenic enlargement and reduced bacterial load com-
pared to control mice infected with BCG. Further, splenocytes from rBCG-mIL-18-infected mice, in
response to BCG antigen, displayed increased production of IFN-

 

g

 

 and GMCSF, decreased production
of IL-10, elevated cellular proliferation and higher differentiation of IFN-

 

g

 

-secreting cells. rBCG-mIL-
18 also enhanced BCG-induced macrophage cytotoxicity against bladder cancer MBT-2 cells in a dose-
dependent manner. Neutralizing all endogenous macrophage-derived cytokines tested (IL-12, IL-18
and TNF-

 

a

 

) as well as IFN-

 

g

 

 severely diminished the rBCG-mIL-18-induced macrophage cytolytic
activity, indicating a critical role for these cytokines in this process. Cytokine analysis for supernatants
of macrophage-BCG mixture cultures manifested higher levels of IFN-

 

g

 

 and TNF-

 

a

 

 in rBCG-mIL-18
cultures than in control BCG cultures. Taken together, this rBCG-mIL-18 strain augments BCG’s
immunostimulatory property and may serve as a better agent for bladder cancer immunotherapy and
antimycobacterial immunization.
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INTRODUCTION

 

In addition to being one of the world’s most widely used tuber-
culosis vaccines, BCG has also been successfully applied to the
treatment of superficial bladder cancer for over two decades
through intravesical instillation [1–3]. Although the exact mech-
anism by which BCG mediates antitumour immunity remains
unclear, a local nonspecific immunological reaction reflecting var-
ious activities of immune cells has been suggested [2–8]. One of
the remarkable phenomena after BCG bladder instillation is a
transient secretion of several cytokines in patients’ voided urine
[9–16]. Among them, a massive burst of urinary IFN-

 

g

 

, along with

other Th1 cytokines (IL-12 and IL-2), has been observed to be a
common feature in BCG responders [11,16–18]. In contrast,
higher levels of Th2 cytokines IL-10 and/or IL-6 appear to be
associated with BCG failure [12,16,18]. Correlatively, in mouse
models IFN-

 

g

 

 and IL-12 but not IL-10 and IL-4 are suggested to
be required for immunotherapeutic control of orthotopic bladder
cancer [16,19,20]. These observations suggest that effective BCG
therapy of bladder cancer requires proper activation of the Th1
immune pathway [16,21,22].

Despite the success of current BCG therapy in superficial
bladder cancer, 30–50% of patients do not respond to BCG ther-
apy and long-term remission (

 

>

 

5 years) is only achieved in about
50% of responding patients [23–25]. Clearly, such conventional
BCG therapy needs to be improved for its therapeutic efficacy.
IL-18, a cytokine mainly produced by activated macrophages,
possesses pleiotropic immunological activities, such as enhance-
ment of IFN-

 

g

 

 production from T and NK cells and up-regulation
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of Fas ligand expression on these cells [26–29]. IL-18 has also been
found to directly costimulate mycobacterium for induction of Th1
immune responses. IL-18 synergizes BCG for IFN-

 

g

 

 production
from splenocytes [30], up-regulates secretion of matrix metallo-
proteinases (MMPs) from macrophages upon BCG infection [31],
enhances host protective immunity against mycobacterial infec-
tion [32–38], and shows predictive value for a favourable bladder
response to intravesical BCG therapy [10]. These immune prop-
erties of IL-18 make this cytokine ideal to supplement BCG for a
better treatment of bladder cancer or even develop a better tuber-
culosis vaccine.

Our laboratory has pioneered methods to genetically engi-
neer BCG to express various biologically active molecules of
interest [39–43]. Based on the current understanding that IL-18
synergizes BCG for induction of Th1 immune responses, we cre-
ated a new strain of BCG that constitutively secretes rmIL-18. We
demonstrated that this newly constructed rBCG-mIL-18 strain
possesses substantially enhanced immunogenicity compared to
control BCG, showing elevated splenocyte IFN-

 

g

 

 production, host
antimycobacterial immunity, and macrophage cytotoxicity against
bladder cancer line MBT-2 cells.

 

MATERIALS AND METHODS

 

Reagents

 

The medium used for culturing splenocytes and peritoneal exu-
date cells (PECs) was RPMI 1640 (Gibco BRL) containing 10%
fetal calf serum (FCS) and 30 

 

m

 

g/ml kanamycin. BCG was cul-
tured in Middlebrook 7H9 Bacto broth (Difco, Detroit, MI, USA)
supplemented with 10% ADC (5% bovine serum albumin frac-
tion V, 2% dextrose and 0·85% NaCl), 0·05% Tween 80, and
30 

 

m

 

g/ml kanamycin. Antibodies used for enzyme-linked immun-
osorbent assay (ELISA) included paired capture and detecting
antibodies for mouse (m) IL-18 (Hayashibara, Hyogo, Japan),
mIFN-

 

g

 

 (Endogen, Woburn, MA, USA), mTNF-

 

a

 

 (Genzyme,
Cambridge, MA, USA), mIL-10 (PharMingen, San Diego, CA,
USA), mIL-6 (PharMingen), and mGMCSF (PharMingen).
Cytokine-neutralizing antibodies were obtained as follows: mIL-
18 (rabbit polyclone) from Hayashibara, mIL-12 (clone C15·6, rat
IgG1) from PharMingen, mIFN-

 

g

 

 (clone R4·6A2, rat IgG1) from
Endogen, and mTNF-

 

a

 

 (clone MP6-XT3, rat IgG1) from PharM-
ingen. Species and isotype matched control antibodies were
obtained from Sigma for rabbit IgG and from PharMingen for rat
IgG1. Recombinant mIL-18 was obtained from Hayashibara. The
high protein binding immobilon-P membrane wells of 96-well
plates (MultiScreen-IP) for ELISPOT assay were purchased from
Millipore (Bedford, MA, USA).

 

Mice

 

C57BL/6 and C3H/HeN mice were purchased from the National
Cancer Institute. C57BL/6 IL-10

 

–/–

 

 mice were kindly provided by
Dr Donna Rennick and kept under the specific pathogen-free
conditions. Mice were allowed free access to food and water. All
mice were female and used for experiments at age of 6–8 weeks
old.

 

Construction of mouse IL-18 expression plasmid and the 
recombinant BCG strain

 

The previously described mouse IL-2 expression vector pRBD3
[39] was engineered to express mouse IL-18 by replacing the IL-
2 coding sequence with mouse IL-18 coding sequence at the

 

NgoM

 

 IV-

 

EcoR

 

I sites. The 

 

NgoM

 

 IV cutting site is located within
the BCG 

 

a

 

-antigen signal sequence that is linked to the N-termi-
nal of IL-18 coding sequence. The insert IL-18 sequence was
derived from PCR amplification of mouse IL-18 containing plas-
mid (a gift from Dr Andrew M. Jackson) using a pair of primers
for the mature form of the cytokine. The sequence of the sense
primer was 5

 

¢

 

-CAAGgccggcGGAGCGGCAACCGCGGGCGC
GAACTTTGGCCGACTTCACTGTA-3

 

¢

 

 (

 

NgoM

 

 IV site in low-
ercase) and that of the antisense primer was 5

 

¢

 

-GCCGgaattc
CTAACTTTGATGTAAGTTAGTGAG-3

 

¢

 

 (

 

Eco

 

RI site in lower-
case). The newly constructed plasmid pmIL-18 is illustrated in
Fig. 1a. 

 

E. coli

 

 competent cells (XL1-Blue MR) obtained from
Stratagene were transformed with the 

 

E. coli

 

-BCG shuttle plas-
mid according to the manufacturer’s instructions and selected on
kanamycin (30 

 

m

 

g/ml) Luria-Bertani agar (Difco) plates. The 

 

E.

 

Fig. 1.

 

(a) Schematic illustration of the mouse IL-18-containing 

 

E. coli

 

-
BCG shuttle plasmid (pmIL-18). The IL-18 coding sequence was placed
downstream of BCG 

 

a

 

-antigen signal sequence (SS). Expression of IL-18
is driven by the BCG hsp60 promoter (black box). The arrow indicates the
direction of transcription. The kanamycin resistance cassette (open box)
and a mycobacterial as well as an 

 

E. coli

 

 origin of replication are indicated.
The illustration is not to scale. (b) Expression of IL-18 in Western blot of
BCG culture supernatant (S) and pellet lysate (P) from rBCG-mIL-18. For
controls, culture supernatant and pellet lysate were prepared in parallel
from MV261 BCG. Purified recombinant mouse IL-18 was used as a
positive control shown on the left. The blot was probed with a specific rat
anti-mouse IL-18 monoclonal antibody. Standard molecular weights are
indicated.
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coli

 

-derived plasmid with correct structure verified by restriction
analysis and sequencing was transformed into BCG Pasteur strain
(ATCC) by electroporation as described previously [44]. The
transformed BCG cells were plated on Middlebrook 7H10 Bacto
agar (Difco) supplemented with 10% ADC and 30 

 

m

 

g of kanamy-
cin per ml. Individual colonies containing pmIL-18 verified by
PCR were picked and grown in Middlebrook 7H9 medium as
described in 

 

Reagents

 

. Construction of BCG Pasteur containing
control vector (MV261 BCG) was described previously [39].

 

Western blot analysis

 

BCG cellular lysates were prepared from log-phase growing cul-
tures at 1 OD

 

600

 

 density (one unit of optical density at 600 nm was
calculated as 2·5 

 

¥

 

 10

 

7

 

 CFUs) by heating the BCG pellet in water
at 100

 

∞

 

C for 10 min. Culture supernatants were concentrated
using a protein G immunoprecipitation kit (Roche Molecular
Biochemicals) as described previously [42]. Briefly, 1·5 ml of cul-
ture supernatants collected from 1 OD

 

600

 

 density of log-phase
BCG were precleared by incubation with 50 

 

m

 

l of protein G aga-
rose at 4

 

∞

 

C for 3 h on a rocking platform. After centrifugation,
supernatants were collected and incubated with 20 

 

m

 

g of rat anti-
mIL-18 monoclonal antibody (clone #39–3F, MBL International
Corporation) at 4

 

∞

 

C for 1 h followed by further incubation with
100 

 

m

 

l of protein G agarose at 4

 

∞

 

C for overnight. The IL-18-
removed supernatants were collected and used in bioassays for
comparisons. The bound IL-18 was released from protein G aga-
rose after 3 cycle washes. Following electrophoresis in a 15%
SDS-polyacrylamide gel (Bio-Rad) and transfer to nitrocellulose,
the filters were blocked in 5% nonfat powdered milk and then
probed with rat anti-mIL-18 monoclonal antibody (clone #74,
MBL International Corporation). The blots were subsequently
probed with a horseradish peroxidase-labelled rabbit anti-rat
immunoglobulin G antibody (Sigma) and a chemiluminescent
substrate (Santa Cruz Biotechnology) to detect membrane-bound
IL-18 protein.

In vitro

 

 splenocyte cytokine production

 

Spleen cells were lysed using ACK lysis buffer (0·15 

 

M

 

 NH

 

4

 

Cl,
1 m

 

M

 

 KHCO

 

3

 

, 0·1 m

 

M

 

 EDTA; pH 7·4) to remove erythrocytes,
washed with RPMI 1640 medium, and then plated in triplicate in
flat-bottomed 96-well (2·5 

 

¥

 

 10

 

5

 

 cells per well) or 24-well (2 

 

¥

 

 10

 

6

 

cells per well) tissue culture plates (Nunc) in RPMI complete
medium as described in 

 

Reagents

 

. Cells were cultured in a humid-
ified 5% CO

 

2

 

 incubator at 37

 

∞

 

C for 3 days. To evaluate the 

 

in vitro

 

ability of rBCG-mIL-18 to regulate splenocyte IFN-

 

g

 

 production,
spleen cells were incubated with indicated doses of either control
MV261 BCG or rBCG-mIL-18 or with BCG culture supernatants
collected from either control MV261 BCG or rBCG-mIL-18. To
confirm the specific role of IL-18 secreted from rBCG-mIL-18 in
splenocyte IFN-

 

g

 

 production, neutralizing IL-18 antibody was
added. To investigate the role of endogenous IL-12 in splenocyte
IFN-

 

g

 

 production induced by rBCG-mIL-18, neutralizing IL-12
antibody was added. To evaluate the development of host BCG-
specific immune responses, splenocytes were collected 4 or
5 weeks after infection of mice with either control MV261 BCG
or rBCG-mIL-18 and stimulated 

 

in vitro

 

 with MV261 BCG or

 

Mycobacterium tuberculosis

 

 culture filtrate protein (CFP). As
previously reported [41,45], ELISPOT assays were performed
after 16- h stimulation for enumerating the number of IFN-

 

g

 

secreting cells and ELISAs were performed after 3-day

stimulation for evaluating the expression of cytokines (IFN-

 

g

 

,
TNF-

 

a

 

, IL-10, IL-6 and GMCSF).

 

BCG infection of mice

 

As previously reported [41], C57BL/6 mice (8 mice per group)
were infected intravenously through the lateral tail vein with
5 

 

¥

 

 10

 

5

 

 CFU of either rBCG-mIL-18 or control MV261 BCG sus-
pended in 0·1 ml of phosphate-buffered saline (PBS). No appar-
ent signs of illness were observed with the experimental infection.
Mice (eight mice per group) were sacrificed at 4 weeks after infec-
tion. Spleens were removed aseptically, weighed, and then filtered
through a fine nylon mesh to generate single-cell suspensions. The
cell suspension were appropriately diluted and plated on Middle-
brook 7H10 agar plates. The BCG colonies were counted after
incubation at 37

 

∞

 

C for 3 weeks. The remaining spleen cell suspen-
sions of the same group were pooled together and used for 

 

in vitro

 

cytokine production and proliferation assays.
C57BL/6 mice (5 mice per group) were also subcutaneously

infected at the base of the tail with 5 

 

¥

 

 10

 

5

 

 CFU of either rBCG-
mIL-18 or control MV261 BCG suspended in 0·2 ml PBS for five
weeks. Mice were then sacrificed and spleens from each group of
mice were aseptically harvested for 

 

in vitro

 

 analysis of their IFN-

 

g

 

 responses.

 

Macrophage cytotoxicity assay

 

Macrophage cytolytic activity was evaluated using PECs as pre-
viously reported but with slight modifications [46,47]. PECs were
prepared in C3H/HeN mice by a single intraperitoneal injection
with 2 ml of 3% thioglycollate (Sigma). After 3 days, PECs were
collected by washing out the peritoneal cavity with PBS for sev-
eral times and then suspended in culture medium containing
30 

 

m

 

g/ml kanamycin. PECs prepared were composed of 

 

>

 

90%
macrophages and 

 

<

 

10% lymphocytes and NK cells by flow cyto-
metric analysis. 1 

 

¥

 

 10

 

5

 

 PECs in 100 

 

m

 

l culture medium was seeded
in 96-well flat-bottomed plates (Nunc). After 2- h culture, BCG
(0·005 OD/well for most assays otherwise as indicated) alone or
together with various doses of rmIL-18 or neutralizing antibodies
(anti-IL-18, anti-IL-12, anti-IFN-

 

g

 

, and anti-TNF-

 

a

 

) was added
and the final volume in each well adjusted to 200 

 

m

 

l. The plates
were incubated at 37

 

∞

 

C in 5% CO

 

2

 

. For evaluation of PEC cytok-
ine production, culture supernatants were harvested after 12, 24
and 48 h and analysed by ELISA. For evaluation of PEC cytolytic
activity, 

 

51

 

Cr-labelled MBT-2 cells were added after 24 h. MBT-2
cells were radiolabelled with 200 

 

m

 

Ci[

 

51

 

Cr] sodium chromate
(Amersham) for 2 h at 37

 

∞

 

C in 5% CO

 

2

 

, washed 3 times with
RPMI 1640 medium, and suspended at a concentration of 2 

 

¥

 

 10

 

5

 

/
ml in culture medium containing 30 

 

m

 

g/ml kanamycin. For most
cytotoxicity assays, effector:target (E : T) ratio of 10 : 1 was per-
formed (otherwise as indicated) by adding 50 

 

m

 

l of 

 

51

 

Cr-labelled
MBT-2 suspension (1 

 

¥

 

 10

 

4

 

 cells/well) to each well that contained
200 

 

m

 

l of 1 

 

¥

 

 10

 

5

 

 PECs. After a further 20-h incubation, the super-
natants were harvested and released 

 

51Cr counted with a g-
counter. All assays were performed in triplicate. Spontaneous 51Cr
release was determined by incubating radiolabelled target cells in
the absence of PECs. Maximal 51Cr release was determined by
incubating the same amount of target cells in 2% Triton X-100
(Sigma). The percentage of specific cytotoxicity was calculated as
follows:

% Cytotoxicity = [(Experimental release - Spontaneous release)/
(Maximal release - Spontaneous release)] ¥ 100.
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RESULTS

Expression of mouse IL-18 in mycobacteria
The PCR-derived mouse IL-18 coding sequence was placed
into the immediate downstream site of the BCG alpha-anti-
gen signal sequence (SS) under control of the constitutively
active hsp60 promoter (Fig. 1a). From BCG transformed with
this construct, mIL-18 was readily detectable in both BCG
lysates and culture supernatants on Western blot (Fig. 1b).
MV261 BCG, a control BCG strain carrying the empty vector
but retaining the similar immunostimulatory properties of wild-
type BCG [39,48], showed no specific band on the same blots.
The concentration of mIL-18 in culture was quantified by
ELISA and calculated to be approximately 3000 pg/ml (data
not shown).

Augmentation of splenocyte IFN-g production by rBCG-mIL-18
Enhanced production of IFN-g in mouse splenocyte cultures by
rBCG-mIL-18 was readily demonstrable. When combined with
cell free-culture supernatant of BCG-mIL-18, MV261 BCG aug-
mented IFN-g production 20-fold compared to control MV261
BCG (Fig. 2). Supernatant alone showed a marginal effect on
IFN-g production (data not shown). This increased level of IFN-g
expression was comparable with that of exogenous rIL-18
(1000 pg/ml) combined with MV261 BCG, a synergistic effect as
observed previously [30], and could be completely eliminated by
the removal of IL-18 from the supernatant through immunopre-
cipitation and severely reduced by adding neutralizing anti-mIL-
18 antibody. Figure 3 demonstrated that rBCG-mIL-18 was supe-
rior to control MV261 BCG for splenocyte IFN-g production (5·6-
fold increase at 0·01 OD/ml). This increased level of IFN-g pro-
duction was also comparable with that of synergistic effect
between MV261 BCG and exogenous rIL-18 and could also be
removed by adding neutralizing anti-mIL-18 antibody. These data
demonstrated that rBCG-mIL-18 secreted functional IL-18 and
was more potent than wild-type BCG for IFN-g induction.

Fig. 2. Biological activity of IL-18 secreted from rBCG-mIL-18. IFN-g
production in culture supernatants was measured by ELISA after 3-day
incubation of splenocytes from naïve C57BL/6 mice with medium, control
MV261 BCG (0·01 OD/ml) alone, rIL-18 (1000 pg/ml) alone, or combina-
tions of control MV261 BCG (0·01 OD/ml) with rIL-18 (1000 pg/ml),
culture supernatant (Sup) of MV261 BCG, Sup of rBCG-mIL-18, Sup of
rBCG-mIL-18 after the removal of IL-18 by immunoprecipitation (IP sup
rBCG-mIL-18), or Sup of rBCG-mIL-18 plus either rabbit neutralizing IL-
18 antibody (3 mg/ml) or control IgG (3 mg/ml). All BCG supernatants
used were collected from 1 OD density of BCG cultures. Values were
expressed as means ± SD from triplicate-well incubations.
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Fig. 3. Augmentation of splenocyte IFN-g production by rBCG-mIL-18.
IFN-g production in culture supernatants was measured by ELISA after
3-day incubation of splenocytes from naïve C57BL/6 mice with medium,
control MV261 BCG (0·01 OD/ml), rIL-18 (250 pg/ml), MV261 BCG (0·01
OD/ml) plus rIL-18 (250 pg/ml), different doses of rBCG-mIL-18 (0·1 OD/
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either rabbit neutralizing IL-18 antibody (3 mg/ml) or control IgG (3 mg/
ml). Values were expressed as means ± SD from triplicate-well incubations.
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Role of IL-12 and IL-10 in splenocyte IFN-g production induced 
by rBCG-mIL-18
Both IL-12 and IL-10 had been known to affect the overall output
of IFN-g production from immune cells. Thus, the role of endog-
enous IL-12 and IL-10 in rBCG-mIL-18 induced IFN-g produc-
tion was investigated. Neutralizing endogenous IL-12 completely
eliminated the effect of rBCG-mIL-18 on induction of IFN-g for
both C57BL/6 (Fig. 4a,c) and Balb/c mice (data not shown). Abo-
lition of endogenous IL-10 dramatically up-regulated the expres-
sion of IFN-g induced by rBCG-mIL-18, although the expression
of IFN-g was also increased by control MV261 BCG (Fig. 4b).
This up-regulated IFN-g expression was most likely due to the
absence of the Th1 antagonistic cytokine IL-10 in IL-10–/– mice.
Again, neutralizing endogenous IL-12 showed a potent inhibitory
effect on IFN-g production in IL-10–/– mice. These data demon-
strated that IL-12 played a positive role whereas IL-10 played a

negative role in splenocyte IFN-g production in response to BCG
as well as BCG expressing IL-18.

Reduced growth of rBCG-mIL-18 in mouse spleens after 
infection
To test if IL-18 expressed by rBCG-mIL-18 could enhance host
antimycobacterial immunity, C57BL/6 mice were intravenously
infected with this BCG strain as well as control MV261 BCG
strain. C57BL/6 mice have previously been observed to readily
develop a Th1 type protective immunity upon BCG infection
[41,49]. Bacterial growth in mice was monitored at week 4 after
BCG infection by measuring splenic enlargement (Fig. 5a) as
well as bacterial counts in spleens (Fig. 5b). As observed previ-
ously [41], spleen weights in BCG infected mice were much
heavier than those in uninfected mice. However, spleen weights
of rBCG-mIL-18 infected mice were 28% less than those of the
control MV261 BCG infected mice (Fig. 5a). Accordingly, bacte-
rial counts in spleens of mice infected with rBCG-mIL-18 were 2-
fold less than those in spleens of mice infected with control
MV261 BCG strain (Fig. 5b). These data suggested that the early
expression of IL-18 by rBCG-mIL-18 enhanced host antimyco-
bacterial immunity with resultant accelerated mycobacterial
clearance.

Enhanced BCG-specific cellular immune responses in mice 
infected with rBCG-mIL-18
Splenocytes were prepared from mice at 4 weeks after infection
with either rBCG-mIL-18 or control MV261 BCG and placed in
culture in the presence or absence of MV261 BCG. The cytokine
profile in the splenocyte cultures was analysed with ELISA after
3-day incubation (Fig. 6). A marked increase in cytokine produc-
tion in response to in vitro BCG stimulation was observed. Higher
levels of Th1 cytokines IFN-g and TNF-a were observed in rBCG-
mIL-18 infected mice (5-fold higher for IFN-g and 25% higher for
TNF-a over the control MV261 BCG infected mice, respectively).
Infection with rBCG-mIL-18 resulted in increased GMCSF pro-
duction in response to BCG stimulation in vitro. The cells also
produced Th2 cytokines IL-10 and IL-6 upon BCG stimulation.
Although there was no obvious difference for IL-6 production
between rBCG-mIL-18 infected and control MV261 BCG
infected groups, levels of the major Th2 cytokine IL-10 were sig-
nificantly reduced in the former group. These observations sug-
gested that the IL-18 secreted from rBCG-mIL-18 strain
selectively sensitized Th1 but not Th2 immune cells to response to
mycobacterial infection in vivo.

The results obtained from in vitro splenocyte proliferation
assay further substantiated the role of IL-18 in enhancing the
BCG-specific immune response (data not shown). An approxi-
mate two-fold increase of thymidine uptake by splenocytes from
the mice infected with rBCG-mIL-18 was observed in response to
MV261 BCG stimulation vs. to medium alone. The increased pro-
liferation correlated with the elevated production of Th1 cytok-
ines by splenocytes from the same group (Fig. 6).

The effect of IL-18 secretion by BCG on the potential of sple-
nocytes to produce IFN-g was next investigated. After vaccination
of mice, ELISPOT analysis revealed a two-fold increase in the
number of IFN-g-secreting splenocytes in mice vaccinated with
BCG secreting IL-18 compared to control MV261 BCG (Fig. 7a).
The level of total IFN-g produced, as determined by ELISA,
revealed a six-fold increase (P < 0·05) in cells from rBCG-mIL-18-

Fig. 4. Role of IL-12 and IL-10 in splenocyte IFN-g production induced
by rBCG-mIL-18. (a) IFN-g production in culture supernatants was mea-
sured by ELISA after 3-day incubation of splenocytes from naïve C57BL/
6 mice with medium, control MV261 BCG (0·1 OD/ml), rBCG-mIL-18
(0·1 OD/ml), rBCG-mIL-18 (0·1 OD/ml) plus neutralizing IL-12 antibody
(100 mg/ml) or control IgG1 (100 mg/ml), or MV261 BCG (0·1 OD/ml) plus
neutralizing IL-12 antibody (100 mg/ml) or control IgG (100 mg/ml). (b,c)
Splenocytes from naïve C57BL/6 IL-10–/– mice (b) and naïve C57BL/6 mice
(c) were incubated with medium, control MV261 BCG (0·1 OD/ml) alone
or plus neutralizing IL-12 antibody (100 mg/ml), or rBCG-mIL-18 (0·1 OD/
ml) alone or plus neutralizing IL-12 antibody (100 mg/ml). IFN-g produc-
tion in culture supernatants was measured by ELISA following 3-day
incubation. Values were expressed as means ± SD from triplicate-well
incubations.
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infected mice compared to mice immunized with MV261 BCG
(Fig. 7b). Therefore, each antigen-reactive cell from mice immu-
nized with BCG secreting IL-18 is producing approximately three
times as much IFN-g than antigen-reactive cells from mice immu-
nized with BCG not secreting the cytokine (Fig. 7c).

Augmentation of macrophage cytotoxicity against bladder 
cancer MBT-2 cells by rBCG-mIL-18
PECs were prepared by intraperitoneal injection of thioglycollate
and served as a conventional source for macrophages (>90% by

flow cytometry) [46,47,50]. PECs without BCG stimulation
showed weak cytotoxicity (<10% lysis at E : T = 10 : 1) against
MBT-2 cells, a bladder cancer line derived from C3H mice
(Fig. 8a–c). Enhanced cytotoxicity (about 20% lysis at
E : T = 10 : 1) in a dose-dependent manner was observed upon
stimulation with control MV261 BCG (Fig. 8a–c). Stimulation
with rBCG-mIL-18 further enhanced PEC cytolytic activity
(about 40% lysis at E : T = 10 : 1) that was also BCG dose-
dependent (Fig. 8a–c). These increased levels of cytotoxicity were
comparable with those induced by control MV261 BCG plus
exogenous rmIL-18 (Fig. 8c). To investigate the role of endoge-
nous macrophage-derived cytokines in enhancing PEC cytolytic
activity, neutralizing antibodies to IL-18, IL-12, and TNF-a as
well as IFN-g were added during the incubation of PECs with
rBCG-mIL-18. Although neutralizing all endogenous cytokines
tested showed an inhibitory effect on rBCG-mIL-18-induced
PEC cytotoxicity (Fig. 8d), neutralizing TNF-a inhibited nearly
all MBT-2 killing (95–99%), indicating that TNF-a played a crit-
ical role in PEC cytotoxic activity. Species and isotype control
antibodies did not reduce PEC cytotoxicity against MBT-2 (data

Fig. 5. Reduced in vivo growth rate of rBCG-mIL-18. (a) Spleen weights
at week 4 after intravenous infection of C57BL/6 mice with rBCG-mIL-
18 (5 ¥ 105 CFU) or controlMV261 BCG (5 ¥ 105 CFU). (b) Total viable
BCG counts in spleens of the same mice at week 4 after BCG infection.
Values were expressed as means ± SD from 8 mice per group.
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not shown). These data indicated that rBCG-mIL-18 was more
potent than control BCG for induction of PEC cytolytic activity
against MBT-2 cells and that this enhanced cytotoxicity was medi-
ated by a number of endogenous Th1-stimulating cytokines pro-
duced by PECs.

Up-regulation of PEC IFN-g and TNF-a production by 
rBCG-mIL-18
Since both IFN-g and TNF-a had been known to play critical roles
in BCG-induced PEC cytotoxicity against MBT-2 cells [46,47],
expression of these cytokines by PECs in response to rBCG-mIL-
18 was evaluated. Significantly higher levels of IFN-g and TNF-a
were observed in PEC cultures stimulated with rBCG-mIL-18
than with control MV261 BCG (Fig. 9). This increased expression
of cytokines was comparable to PEC cultures stimulated with

control MV261 BCG plus exogenous rmIL-18. rBCG-mIL-18 not
only enhanced but also accelerated the production of these cytok-
ines. Assays using trans-well apparatus to separate effectors from
targets demonstrated that soluble factors, including IFN-g and
TNF-a, contributed to about 50% of total MBT-2 cell killing by
PECs (data not shown), indicating that both direct cell to cell
contact and soluble factors were required for the maximal PEC
cytotoxicity.

DISCUSSION

To improve immunogenicity of BCG, an immunotherapeutic
agent commonly used for bladder cancer treatment, we have cre-
ated a novel mIL-18-secreting rBCG strain using DNA cloning
techniques and evaluated its immunostimulatory properties com-
pared with control BCG. Consistent with our previous observa-
tions that combination of BCG with exogenous rmIL-18
synergized the induction of Th1 immune responses [30], this
newly developed rBCG-mIL-18 strain significantly enhances sple-
nocyte IFN-g production, host antimycobacterial immunity, and
macrophage cytotoxicity against MBT-2 bladder cancer cells.

Like other rBCG strains expressing Th1-stimulating cytokines
generated in our laboratory [39,41,42], this rBCG-mIL-18 func-
tionally expressed bioactive IL-18 that enhanced BCG-induced
Th1 immune responses. The synergistic effect of rBCG-mIL-18 on
splenocyte IFN-g production was observed in both BCG-naïve
and -primed mice (data not shown). This effect was IL-18 specific
since neutralizing IL-18 in splenocyte-rBCG cultures or the
removal of IL-18 in rBCG-mIL-18 culture supernatants could
compromise its augmentation for IFN-g production. Strikingly,
neutralizing endogenous IL-12 completely inhibited the effect of
rBCG-mIL-18 on enhancing IFN-g production. It has been
reported that IL-12 induces IL-18 receptor expression on T cells
and thus deprivation of IL-12 could significantly inhibit IFN-g
production [26,28]. As previously observed [16,30,51,52], endog-
enous IL-10 antagonized IFN-g production induced by BCG or
rBCG-mIL-18 as IL-10 knockout mice showed substantially ele-
vated IFN-g production, especially for splenocytes stimulated
with rBCG-mIL-18.

Protective immunity against mycobacterial infection is prima-
rily mediated by a cellular immune response of the Th1 type
[41,49,53–55]. IL-18, produced mainly by macrophages, plays a
critical role in induction of cellular immunity. IL-18 has been
reported to enhance host defense against several mycobacterial
infections including BCG in humans and mice showing significant
production of IFN-g and reduction of bacterial counts [32–38].
Using IL-18-deficient (knockout) mice, reduced bacterial clear-
ance, lower IFN-g production, and marked development of gran-
ulomatous lesions were observed [56–58]. Based on our previous
observations that splenic enlargement and bacterial counts in
spleen peaked at 2–4 weeks post intravenous BCG infection of
C57BL/6 mice [41], we performed the similar BCG infection pro-
cedure for rBCG-mIL-18 in this study. At week 4, less spleen
enlargement and shorter BCG persistence in spleens were
observed in mice infected with rBCG-mIL-18 than those infected
with control BCG. This difference was not likely due to the dif-
ference in the growth rates of these two strains, as they both
showed the same growth rate in vitro (data not shown). Correla-
tively, enhanced BCG-specific responses were also observed in
splenocytes from mice infected with rBCG-mIL-18, showing
increased production of IFN-g (a major Th1 cytokine) and

Fig. 7. Increase of IFN-g-secreting cells in rBCG-mIL-18 infected mice.
Splenocytes were isolated from C57BL/6 mice (5 mice per group) 5 weeks
after infection with rBCG-mIL-18 (5 ¥ 105 CFU) or control MV261 BCG
(5 ¥ 105 CFU) and incubated with 10 mg/ml M. tuberculosis CFP for stim-
ulation. (a) The number of IFN-g secreting cells was enumerated by
ELISPOT after 16-h incubation. (b) IFN-g production in culture superna-
tants was measured by ELISA after 3-day incubation. (c) The amount of
IFN-g produced per cell was calculated by taking the ratio of IFN-g pro-
duced per IFN-g-secreting cell. Statistical analysis by ANOVA showed sig-
nificant differences between the mice infected with rBCG-mIL-18 and
those infected with control MV261 BCG (*P < 0·05).
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GMCSF and decreased production of IL-10 (a major Th2 cytok-
ine), pronounced cellular proliferation, and elevated differentia-
tion of IFN-g-secreting cells. These data indicated that the in vivo
expression of IL-18 by rBCG greatly potentiated the host specific
cellular immunity against BCG infection in C57BL/6 mice. These
observations were discrepant from those in our previous study
using BALB/c mice as an infection model where rBCG-mIL-18
did not provide a better protection against mycobacterial chal-
lenge compared to control BCG [59]. Thus, induction of antimy-
cobacterial immunity by rBCG-mIL-18 is likely strain dependent.
In support of this, it was previously observed that administration
of IL-18 to BALB/c mice exacerbated infections by Leishmania
major in this strain of animals and that IL-18 augmented expres-
sion of Th2 cytokines (IL-4 and IL-10) in BALB/c mice but Th1
cytokine (IFN-g) in C57BL/6 and CBA mice [60]. Thus, it is quite
possible that IL-18 secreted by rBCG may also up-regulate Th2
responses in BALB/c but Th1 responses in C57BL/6 mice in our

rBCG-mIL-18 infection models. In addition to C57BL/6 mice,
augmentation of IFN-g production by IL-18 secreting rBCG has
also been observed in C3H mice [61].

We previously demonstrated that macrophages exhibited
cytotoxicity against MBT-2 cells (a mouse bladder cancer line of
C3H origin) in vitro upon BCG activation [46,47]. In these stud-
ies, PECs were used as a conventional source for macrophages.
Although the PEC preparations contained a small population of
T (<5%) as well as NK cells (<5%), macrophages served as pri-
mary effectors in lysis of MBT-2 targets since depletion of T or
NK cells showed only marginal reduction of MBT-2 killing
[46,47]. These studies also demonstrated that endogenous IFN-g
and TNF-a produced by BCG-stimulated PECs contributed to
MBT-2 killing since simultaneously neutralizing these two cytok-
ines significantly reduced MBT-2 killing [46,47]. To investigate if
rBCG-mIL-18 works better than control BCG to induce mac-
rophage cytotoxic activity, PECs were stimulated with the rBCG

Fig. 8. Augmentation of cytotoxic activity of PECs against mouse bladder cancer cells by rBCG-mIL-18. Thioglycollate-elicited PECs from
C3H/HeN mice were stimulated with rBCG-mIL-18 or control MV261 BCG for 24 h. Cytotoxicity of the BCG-stimulated PECs was
evaluated by coculturing the PECs with 51Cr-labelled MBT-2 cells for 20 h as follows: (a) at 3 different E:T ratios after PEC stimulation
by BCG (0·005 OD); (b) at the indicated BCG doses for PEC stimulation (E : T ratio = 10 : 1); (c) under the supplementation of exogenous
rmIL-18 at the indicated doses to MV261 BCG (0·005 OD) for PEC stimulation (E : T ratio = 10 : 1); (d) in the presence of various
neutralizing antibodies (3 mg/ml for each) during PEC stimulation with the indicated doses of rBCG-mIL-18 (E : T ratio = 10 : 1).
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or MV261 BCG for 24 h followed by incubation with 51Cr-labelled
MBT-2 cells. About two-fold higher killing of MBT-2 cells was
observed in PECs stimulated with rBCG-mIL-18. This augmented
cytolytic activity was BCG-dose dependent, comparable with
combination of control BCG plus exogenous rmIL-18 (10 ng/ml),
and diminishable by neutralizing anti-IL-18 antibody. This rBCG-
mIL-18 was also observed to significantly enhance and accelerate
PECs to produce both IFN-g and TNF-a compared with control
BCG. Although neutralizing endogenous IL-12 and IFN-g
reduced MBT-2 killing by 30–40%, neutralizing endogenous
TNF-a abolished >95% killing, indicating that TNF-a played an
indispensable role in rBCG-mIL-18-induced PEC cytotoxicity
against MBT-2 cells. These observations suggested that direct
physical contact between BCG-activated PECs and MBT-2 tar-
gets as well as soluble cytokines (such as IFN-g, TNF-a, IL-12 and
IL-18) produced by BCG-activated PECs were required for the
maximal cytotoxicity against MBT-2 cells. Indeed, using trans-
well apparatus to separate PECs from MBT-2 cells, we observed
that soluble factors secreted by BCG-activated PECs contributed
to about 50% of MBT-2 killing by PECs (data not shown). Com-
bination of rIFN-g and rTNF-a has also been shown to have direct
cytotoxicity against MBT-2 cells in a dose-dependent manner [46].

The present study demonstrates that the newly developed
rBCG-mIL-18 strain is superior to control BCG for induction of
host Th1 immune responses and macrophage cytotoxicity. This
rBCG strain may be particularly useful for treating diseases that
require a desirable Th1 response such as superficial bladder can-
cer, intracellular pathogenic infection, allergies, and certain
autoimmune diseases.
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